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Abstract 
 
 
Transverse momentum spectra of identified pions (π- + π+), Kaons ((K- + K+), K0
s), protons 
(p + 𝑝 ) and Lambdas ( +  ) produced at mid-rapidity (0 < ycm < 0.5) in p-Pb collisions at 
sNN = 5.02 TeV is studied for different collision centralities by using a Unified Statistical 
Thermal Freeze-out Model (USTFM). A fairly good agreement is seen between the 
calculated results and the experimental data points taken from the ALICE experiment. 
Kinetic freeze-out conditions are extracted from the fits of the transverse momentum 
spectra of these hadrons for each centrality class. A comparison of the obtained freeze-
out parameters with those of heavy-ion collisions (Pb + Pb) is made and discussed. 
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Introduction  
The statistical and hydrodynamic models have been extensively used to understand and 
predict the existence of a hot and dense matter produced in the initial stage of ultra-
relativistic nuclear collisions, which rapidly expands and cools down, ultimately 
undergoing a transition to a hadron gas phase [1].  The observed ratios of particle 
abundances can be described in terms of statistical models which provide a fairly 
accurate description of the data over a large range of center of mass energies [2]. A 
collective hydrodynamic flow developed as a consequence of the initially generated 
pressure gradients results in a characteristic dependence of the shape of the transverse 
momentum (pT) distribution on the particle mass, which can be described with a kinetic 
freeze-out temperature T and a collective expansion velocity βT [3]. The interpretation 
of heavy-ion collision data results depend crucially on the comparison with results from 
smaller collision systems such as proton-proton (p-p) or proton-nucleus (p-A). Proton-
nucleus (p-A) collisions are intermediate between proton-proton (p-p) and nucleus-
nucleus (A-A) collisions in terms of the system size and the number of produced 
particles. Particle production in p-A collisions, in contrast to p-p, is expected to be 
sensitive to the initial nuclear state effects. Comparison of particle production in p-p, p-
A and A-A reactions has been frequently used to separate the initial state effects from 
the final state effects. Measurements in p-Pb collisions at LHC allow one to attribute the 
final state effects to the formation of hot QCD matter in heavy-ion collisions [4]. The pT 
distributions and yields of particles of different masses at low and intermediate 
momenta of less than a few GeV (3-4 GeV) can provide important information about the 
system created in high energy hadron reactions. This is because a vast majority of the 
particles is produced in this soft region where a thermally equilibrated system is 
expected to be formed. The measurement of charged kaons is a significant tool to 
further understand the thermalization of the system and the mechanism of strangeness 
production in these collisions. In our previous analysis [5, 6], we have studied the 
particle production in p-p and Pb-Pb collisions at LHC by employing a phenomenological 
Unified Statistical Thermal Freeze-out Model. Significant collective flow effects were 
seen in both the cases which gave a support to the assumption of almost complete 
thermalization of the produced system in these collisions at LHC. It will therefore be 
interesting to study the medium properties of the system produced in p-Pb collisions 
which may be treated as the intermediate between p-p and p-Pb collision systems. In 
order to address the particle production in the QCD matter produced in p-Pb collisions, 
a systematic study of the identified particles over a broad pT range is required. We, 
therefore in this analysis, have used the same phenomenological approach to reproduce 
the mid-rapidity (0<ycm<0.5) pT - distributions of identified particles produced in p-Pb 
collisions at the LHC energy of sNN = 5.02 TeV. The model [6-9] incorporates the effects 
of both longitudinal as well as transverse hydrodynamic flow in the system. 
 
 Results and Discussion 
The details of the model may be found in the references [6–9]. It is assumed that the 
system reaches a state of thermo-chemical equilibrium at freeze-out. The momentum 
distributions of hadrons, emitted from within an expanding fireball, are characterized by 
the Lorentz-invariant Cooper-Frye formula  
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Where 𝑓  represents a 3-dimensional freeze-out hyper-surface and ‘g = 2j+1’ is the 
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The transverse velocity component of the hadronic fireball, T is assumed to vary with 
the transverse coordinate r in accordance with the Blast Wave model as T (r)= 𝑇
𝑠 (
𝑟
𝑅
)𝑛  
where n is an index which fixes the profile of T (r) in the transverse direction and  𝑇
𝑠  is 
the hadronic fluid surface transverse expansion velocity and is fixed in the model by 
using the parameterization 
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Assuming a Boltzmann type of contribution for the parent (decaying) particles, the 
contribution of resonance particle decay to the final state particle transverse 
momentum spectra can be calculated from the equation 
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where 𝛼 and 𝜃 are given by 𝑚𝑕/𝑚
2 and 1/𝑇, respectively. 
The subscript h in the above equation stands for the decaying (parent) hadron. The two 
body decay kinematics gives the product hadron’s momentum and energy in the “rest 
frame of the decaying hadron” as 𝑝∗ =   𝐸∗2 −  𝑚2 1/2 and 𝐸∗ =  
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 where mj 
indicates the mass of the other decay hadron produced along with the first one.  
The pT - distributions of pions (π
- + π+), Kaons ((K- + K+), K0
s), protons (p + 𝑝 ) and Lambdas 
( +  )) produced at mid-rapidity (0 < y < 0.5) in p-Pb collisions at sNN =  5.02 TeV are 
shown for different centralities in Figures 1 - 5. The experimental results are 
represented by the coloured solid data points of different shapes for different cases and 
the model results are represented by the various colored solid lines in all the figures. In 
our analysis, we have assumed the mid-rapidity baryon chemical potential to be ~ 0, [6, 
10] under the assumption of a baryon symmetric matter expected to be formed under 
the condition of a high degree of nuclear transparency in the nucleus-nucleus collisions 
at LHC energy, i.e Bjorken’s approach.  We employ the minimum χ2/dof method to fit 
the experimental data taken from ALICE experiment [11].  The pT - distributions are 
found to be insensitive to the value of σ (the transverse matter width distribution 
parameter) thus it is set equal to 5 in our model [6]. In Figure 1, we have shown the pT – 
spectra of pions for different centrality classes i.e. (0-5)%, (5-10)%, (10-20)%, (20-40)%, 
(40-60)%, (60-80)% and (80-100)%. The spectra are rescaled by some factors for better 
visibility. A good agreement is seen between the theoretical model results and the 
experimental data points thus suggesting the thermal nature of the particle production 
in these collisions. It is seen that the spectra become harder when going from peripheral 
to central collisions, similar to the one observed in heavy ion collisions [12, 13]. 
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Figure 1: pT – spectra of (π
- + π+) plotted for different centrality classes. 
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Figure 2: pT – spectra of (K
- + K+) plotted for different centrality classes. 
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Figure 3: pT – spectra of Ks
0 plotted for different centrality classes. 
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Figure 4: pT – spectra of (p + 𝑝 )  plotted for different centrality classes. 
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Figure 5: pT – spectra of ( +  ) plotted for different centrality classes. 
 
A slight disagreement is seen between the theoretical results and the experimental data 
at higher values of transverse momenta pT. The hadrons detected in this region are 
essentially formed by the partons which are a result of the direct hard processes. These 
originate from the direct fragmentation of high-energy partons of the colliding beams 
and therefore are not able to thermalize through the process of multiple collisions [6]. 
Hence the statistical hydrodynamic calculations are not able to give a satisfactory 
explanation at such large transverse momenta. The model curves are therefore found to 
fall below (under-predict) the experimental data for the most peripheral collisions for all 
hadronic species.  
 
Table 1: Kinetic freeze-out parameters obtained for different particles at different 
centralities. 
Particle Centrality 
𝑇
 0 T (MeV) n χ
2/dof 
(π- + π+) (0-5)% 0.95± 0.01 75± 2 3.17± 0.03 2.16 
 (5-10)% 0.95± 0.01 73± 2 3.18± 0.04 2.09 
 (10-20)% 0.95± 0.01 70± 1 3.17± 0.02 2.45 
 (20-40)% 0.95± 0.02 70± 3 3.20± 0.02 2.31 
 (40-60)% 0.95± 0.02 67± 2 3.20± 0.02 1.36 
 (60-80)% 0.94± 0.01 68± 2 3.23± 0.03 1.40 
 (80-100)% 0.93± 0.02 67± 3 3.24± 0.03 1.94 
(K- + K+) (0-5)% 0.93± 0.01 133± 2 3.30± 0.02 0.88 
 (5-10)% 0.90± 0.02 135± 1 3.30± 0.03 0.22 
 (10-20)% 0.88± 0.02 137± 3 3.30± 0.03 0.33 
 (20-40)% 0.85± 0.02 141± 2 3.30± 0.04 0.84 
 (40-60)% 0.82± 0.01 135± 2 3.32± 0.03 1.12 
 (60-80)% 0.81± 0.01 120± 1 3.32± 0.02 1.84 
 (80-100)% 0.72± 0.02 120± 3 3.32± 0.02 3.72 
K0
s (0-5)% 0.87± 0.01 143± 2 3.42± 0.03 2.0 
 (5-10)% 0.86± 0.01 144± 2 3.42± 0.01 2.40 
 (10-20)% 0.85± 0.02 154± 2 3.50± 0.03 1.74 
 (20-40)% 0.85± 0.01 152± 2 3.51± 0.02 3.0 
 (40-60)% 0.82± 0.02 149± 3 3.52± 0.03 3.51 
(p + 𝑝 ) (0-5)% 0.87± 0.01 96± 2 2.10± 0.03 2.0 
 (5-10)% 0.87± 0.01 96± 2 2.12± 0.01 1.50 
 (10-20)% 0.86± 0.01 100± 1 2.13± 0.02 2.20 
 (20-40)% 0.86± 0.01 100± 2 2.19± 0.02 1.48 
 (40-60)% 0.83± 0.02 110± 3 2.22± 0.03 1.61 
 (60-80)% 0.79± 0.02 116± 3 2.33± 0.03 2.75 
 (80-100)% 0.77± 0.01 122± 3 2.37± 0.04 2.92 
(Ʌ + Ʌ ) (0-5)% 0.78± 0.01 160± 2 1.0± 0.02 1.17 
 (5-10)% 0.77± 0.01 162± 1 1.0± 0.02 1.54 
 (10-20)% 0.78± 0.02 168± 2 1.0± 0.02 0.88 
 (20-40)% 0.74± 0.01 169± 2 1.12± 0.02 2.0 
 (40-60)% 0.72± 0.01 168± 2 1.18± 0.03 2.23 
 (60-80)% 0.66± 0.02 185± 3 1.32± 0.02 2.50 
 
The various freeze-out conditions obtained by fitting the pT - distributions of these 
hadrons are tabulated above. It is seen from the table that a significant value of 
collective flow is observed for all the studied particles in case of p-Pb collisions at LHC.  
This hints towards the thermalization of the produced system in p-Pb collisions and the 
possible formation of Quark Gluon Plasma in p-Pb collisions at LHC [14] at the early 
stage of the collisions. The possibility of collective flow effects in p-Pb collisions was also 
suggested by the results reported in the references [15 - 18]. The collective flow is 
stronger for central collisions and it decreases towards the peripheral collisions. This 
behavior is similar to that observed in Pb-Pb collisions at LHC [19]. The kinetic freeze-out 
temperature, T, of mesons show a different behavior than that observed in [19]. For 
pions the temperature T shows a slow decrease towards the peripheral collisions 
whereas for kaons it first increases towards the mid-peripheral collisions and thereafter 
it shows a decline towards most peripheral collisions. On the other hand, the freeze-out 
temperatures of baryonic species are found to increase towards peripheral collisions in 
a similar manner as found in Pb-Pb collisions at LHC [19]. Also we found that the strange 
hadrons prefer to freeze-out earlier from the hadronic medium as compared to the non-
strange ones. This phenomenon, known as sequential freeze-out, is reflected in the 
temperature differences of the strange and non-strange particles. The reason for this 
sequential/systematic freeze-out of the hadrons in p-Pb collisions can be attributed to 
an early freeze-out for the strange particles (hyperons) when the thermal temperature 
is high and the collective flow is in the early stage of development and consequently βT
0 
is small. The early freeze-out of these particles is due to their smaller interaction cross-
section with the hadronic matter [19]. The pions are found to have a very low 
temperature and thus cool the spectra. This is because of the large contribution from 
the Pion resonances.  While the spectra are mainly determined by thermal freeze-out 
temperature T and the transverse flow velocity βT
0, the shape of the flow velocity profile 
also has some effect on the spectra, due to the non-linearity (i.e. n ≠ 1) in the 
dependence of the flow velocity on the transverse coordinate. We find different values 
of the velocity profile index n for the different particle spectra. The value of velocity 
profile index, n, is found to exhibit a decrease from lower mass particles to higher mass 
particles and an increase towards peripheral collisions, similar to the trend found in 
heavy-ion collisions [6, 19]. It seems that the value of velocity profile index n increases 
due to the contribution from the hard scatterings. However, the overall resemblance of 
the sequential freeze-out scenario and the pT spectra broadening of p-Pb collision 
system with those of Pb-Pb and Au-Au collision systems at LHC [6] and RHIC [8] make us 
believe that the p-Pb collision system behaves more like a heavy ion system rather than 
the p-p system where we found an almost simultaneous freeze-out of different hadronic 
species [5]. This therefore, in addition to the collective flow signatures, provides the 
support for the validity of our approach to p-A collision systems at LHC. 
Summary and Conclusion 
In summary, we have successfully reproduced the mid-rapidity (0 < ycm < 0.5)  pT spectra 
of pions (π- + π+), Kaons ((K- + K+), K0
s), protons (p + 𝑝 ) and Lambdas ( +  )  produced in 
p-Pb collisions at LHC and compared with the predictions of Unified Statistical Thermal 
Freeze-out Model (USTFM). A reasonably good agreement between the theoretical 
results and the experimental data hints at the almost complete thermalization of the 
produced system. The thermal freeze-out conditions show a sequential freeze-out of 
the various particles as also seen in our earlier analyses of heavy ion collisions at RHIC 
and LHC. Significant collective flow is found in the system produced in p-Pb collisions 
and this hints at the possible formation of the QGP in these collisions at the early stage 
of collision. Centrality dependence of the freeze-out parameters is studied and it is seen 
that the collective flow of all hadronic species show a slow decrease towards peripheral 
collisions which is also seen in the nucleus-nucleus collisions at LHC and RHIC. The 
thermal freeze-out temperature of lighter particles, such as pions and Kaons, shows a 
quite different behavior with changing centrality as compared to that found in heavy-ion 
collisions. Baryons are found to show a consistent increase in temperature and decrease 
in collective flow effects towards peripheral collisions, a pattern observed in the 
nucleus-nucleus collisions also at LHC and RHIC. The p-Pb system is thus seen to behave 
more or less like a heavy-ion collision system. 
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